have been cross-correlated for station-pairs to estimate fundamental mode Rayleigh wave Green's functions. Cross-correlations are calculated in 1-hr segments, stacked over periods varying between 3 months and 1.5 yr. Rayleigh wave group dispersion curves at periods from 8 to 44 s were determined using the multiple-filter analysis technique. The study region was divided into a 0.2
I N T RO D U C T I O N
Seismic studies of the velocity structure of the Earth have been traditionally based on observations of seismic waves emitted by earthquakes or explosions. Based on those ballistic waves, many results about the Earth's structure have been obtained by measuring the traveltimes of body waves, dispersion curves of the surface waves and waveform modelling. In Italy and surrounding areas, many traditional surface wave studies based on earthquake data have been made (e.g. Panza et al. 1980; Mantovani et al. 1985; Pontevivo & Panza 2002; Chimera et al. 2003; de Lorenzo et al. 2003; Marone et al. 2004; Raykova et al. 2006) .
Surface waves at different periods are sensitive to the Earth structure at different depths. In general, short periods tend to sample the slow layers closer to the surface, whereas the long periods are sensitive to faster velocities found deeper in the Earth. Thus, surface wave dispersion measurements have been widely used to study the structure of the Earth's crust and upper mantle.
Measurements made from earthquake-based surface waves, however, have several limitations: (1) inadequate path coverage due to the inhomogeneous distribution of earthquakes; (2) strong dependency on the determination of origin time and source parameters and (3) the difficulties in making short-to-intermediate period dispersion measurements from teleseismic events since high frequency information is usually lost due to intrinsic attenuation and scattering along ray paths.
Recently, it has been shown that a random wavefield generated by scatters in the near-surface structure of the Earth, includes information on the Green's function of a wave travelling along the path between two receivers. This information can be extracted by computing the cross-correlation between records at two receivers over sufficiently long times (Weaver & Lobkis 2001a ,b, 2004 Derode et al. 2003; Snieder 2004; Wapenaar 2004; Larose et al. 2005) . In seismology, two types of random wavefields have been used to retrieve Green's function by cross-correlating coda waves and sufficiently long ambient noise recordings. Seismic coda waves are produced by multiple scattering of seismic waves from small-scale heterogeneities in the lithosphere (Sato & Fehler 1998) . By stacking cross-correlation functions of coda waves in Mexico, Campillo and Paul (2003) extracted the Rayleigh and Love waves Green's functions. Ambient seismic noise is excited by randomly distributed natural and artificial sources such as sea waves, atmospheric perturbations, traffic and human activities. Shapiro and Campillo (2004) and Sabra et al. (2005a) have confirmed that surface wave Green's functions can be extracted by cross-correlating long time-series of seismic ambient noise. Extensive work has been performed using the ambient noise method in the United States and the Pacific Northwest (Sabra et al. 2005b; Shapiro et al. 2005; Bensen et al. 2008; Liang & Langston 2008) , in South Korea (Kang & Shin 2002; Cho et al. 2007) , in China (Yao et al. 2006 (Yao et al. , 2008 Li et al. 2009 ), in New Zealand ) and in Europe Stehly et al. 2009 ). In general, ambient noise method provides surface wave dispersion measurements at shorter periods with higher resolution than traditional methods under the conditions of greatly densifying seismic networks and uniform noise field distribution.
The Italian peninsula features a complex tectonic setting which results in strong lateral heterogeneities of the seismic velocity structure (Panza et al. 1980; Mantovani et al. 1985; Pontevivo & Panza 2002; Li et al. 2007) . In recent years, high quality, continuous broad-band recordings from the recently installed INGV national broad-band network, the MedNet network and the ZAMG network ( Fig. 1) have become available. These networks provide an unprecedented dense station coverage to perform seismological analysis in Italy.
The main purpose of this study is to apply the ambient seismic noise technique to Italy to obtain high-resolution Rayleigh wave, fundamental mode, dispersion curves. Vertical-component timeseries recorded at 114 broad-band stations in Italy and adjacent regions between 2005 October and 2007 March are cross-correlated to yield estimated Rayleigh wave Green's functions. The resulting group velocity maps from 8 to 36 s can provide important indications on the crust and the upper mantle of Italy and surrounding regions.
DATA P RO C E S S I N G A N D G RO U P V E L O C I T Y M E A S U R E M E N T S
We collected continuous broad-band vertical-component seismic data recorded by 114 stations from the INGV national network (Amato & Mele 2008) to 2007 March. In a manner similar to the standard, noise crosscorrelation processing procedure (Shapiro and Campillo 2004; Sabra et al. 2005a; Bensen et al. 2007 ) the data were (i) windowed in one-hour length time series, (ii) removed trend and mean value, (iii) high pass filtered at 0.01 Hz, (iv) decimated to 1 sample per second while preventing aliasing and (v) whitened. The processed 1-hr-long traces were cross-correlated between all station-pairs and then stacked all the available cross-correlations for each station-pair into a single time-series. Attention has been made to maintain a minimum distance of three wavelengths for each station-pair when calculating the cross-correlation. The number of cross-correlations in the stack varies between 3 months and 1.5 yr depending on station availability. Theoretically, the resulting cross-correlations should show the same velocity and dispersion features on both positive and negative lags since waves travelling in opposite directions along the path between a station-pair sample the same structure. However, due to not perfectly isotropic noise field distribution, asymmetric cross-correlations are often observed.
In this study, we first investigated the dependence of the crosscorrelations on the noise source distribution. Fig. 2 shows monthly cross-correlations for five station-pairs over the frequency band 0.05-0.2 Hz. For the station-pair ARSA-TUE, the amplitude of the positive correlation lag representing waves travelling from ARSA to TUE is much smaller than the negative lag. One-sided crosscorrelations are also clearly observed for other four station pairs in Fig. 2 , the correlation lags showing large amplitudes represent waves propagating from DOI to SACS, GROG to CING, CING to AMUR and CIGN to ESLN, respectively. Previous studies have shown that the noise recorded in Europe originates mainly from the northern Atlantic Ocean, and the Mediterranean Sea is also an important noise source region (Friedrich et al. 1998; Marzorati & Bindi 2006; Pedersen et al. 2007; Marzorati & Bindi 2008) , which result in one-sided asymmetric cross-correlations. We also noticed that the cross-correlations computed in winter show a higher signalto-noise ratio (SNR) than those in summer. Although the crosscorrelations are asymmetric and display seasonal variations due to non-uniformal noise distribution, the cross-correlations generally show coherent waveforms and contemporaneous arrivals of surface waves from month to month. arriving on both positive and negative correlation lags which indicated that the directionality of the noise source is weak and the noise field is close to diffusive in this frequency, similar noise behaviours have been also reported by Pedersen et al. (2007) in the Baltic shield.
In this study, in order to simplify data analysis and enhance the SNR, we averaged the positive and negative correlation lags to create a symmetric cross-correlation, and more than 3000 station-pairs have been discarded by selecting only cross-correlations with SNR larger than six to ensure correctly identified arrival-time of surface waves. Fig. 4 gives an example of a cross-correlation record section with respect to station CING. This figure shows that a variety of azimuths produce clear signals with physically reasonable moveouts (∼2.7 km s −1 ). The group velocity dispersion measurements were made using the multiple-filter technique (Dziewonski et al. 1969; Herrmann 1973) . The waveforms were narrow bandpass filtered with the operator exp
, where ω 0 is the center frequency. Since there is a trade-off between resolution in the time and frequency domains with such filtering, the tunable parameter α is used to best balance resolution depending on interstation distance (Levshin et al. 1989) . We tested the α values for various distance ranges using synthetic seismograms. We found α = 6.25, 12.5 and 25 for distances between 0-100, 100-250 and 250-1000 km, respectively. Fig. 5 shows group velocity dispersion curves measured from six station-pairs along paths through distinct geological regions. As seen in Fig. 5 , dispersion curves measured from station-pairs TRI-BOB generally showed lower values than those from DOI-SACS, MCEL-MAON and SERS-OSKI.
In general, Rayleigh waves sample down to depths approximately one-third their wavelength. Low group velocities at short periods (<15 s) usually are associated with sedimentary layers in the shallow part of the crust. Note that the path TRI-BOB is through the Po Plain, a region considered to have very thick terrigenous sediments (Scarascia & Cassinis 1997; Waldhauser et al. 1998 Waldhauser et al. , 2002 Kummerow et al. 2004; Tesauro et al. 2008) . At longer periods, Rayleigh waves sample predominantly the upper mantle. The dispersion curve between stations SERS and OSKI shows well the fast group velocities occurring at periods between 15 and 25 s when compared to the other paths. 
I N V E R S I O N F O R G RO U P V E L O C I T Y M A P S
By applying the data selection criteria mentioned in previous section, the Rayleigh wave dispersion measurements from more than 2800 paths were used to invert for group velocity maps at periods from 8 to 36 s. The study region was divided into a 0.2
• grid, and velocities between grid nodes were calculated with bilinear interpolation. The Occam's inversion scheme was adopted to invert for group velocity distributions. The Occam's inversion method proposed by Constable et al. (1987) and deGroot-Hedlin & Constable (1990) seeks a smooth model that satisfies the observations while allowing for a fine grid for model discretization. Here, we just give a brief description of the method. The velocity model is represented as m with N unknowns and the observation data of M paths as d. The observational errors are stored in a diagonal matrix w, and the smoothness of the model is denoted by roughness R defined as
where δ x m and δ y m are vectors composed of first-order spatial partial derivatives in x and y directions, respectively. In our inversion, the objective is to minimize the following function:
The first term describes the fitting to observational data, the second term represents the smoothness constraint, and μ is a smoothing factor. The selection of the smooth parameter μ is, however, somewhat subjective. As the value of μ is increased, the resulting model becomes smoother because a larger amount of model conditioning is applied. We performed a series of tests with different μ to determine its optimal value by considering the trade-off curve between data misfit and model roughness as shown in Fig. 6 .
Optimal results were obtained when the decrease of residual started to slow down at decreasing μ. Thus the final model is the result of a compromise between achieving more details and maintaining a reasonable smoothness for the velocity model. From Fig. 6 , we found that the misfit began to decrease gently as μ is smaller than 2, and the decrease of roughness became to slow down when μ is larger than 0.5. The value of μ between 0.5 and 2 could provide reasonable model resolution, and we selected μ = 1 in the present inversion. A more detailed discussion of this method is given by Constable et al. (1987) and deGroot-Hedlin & Constable (1990) , and a recent application can be found in Huang et al. (2003) and Li et al. (2009) .
The resolution of surface wave tomography depends primarily on path coverage and the azimuthal distribution of paths. Fig. 7 shows the number of dispersion measurements at different periods and the path coverage at 15 and 30 s. The path coverage is best for periods 10-26 s with over 2000 measurements. Coverages at shorter or longer periods become sparse, but the spatial pattern of coverage remains similar. As it can be seen in Fig. 7 , the overall coverage pattern is reasonably good, however, the path distribution is not even in the study region. Owing to the few available stations on the eastern side of the Adriatic Sea, the azimuthal distribution of paths is generally poor east of peninsular Italy. In general, path density is highest within the Italian peninsula and it decreases gradually towards the perimeter of the study area.
Checkerboard tests were performed to estimate resolution. Fig. 8(a) shows a theoretical velocity model that is discretized into a 0.2
• × 0.2 • grid as the real model used in our inversion. The size of alternatively high-and low-velocity cells is 0.6
• . Each cell has a constant velocity 5 per cent above or below an average velocity of 2.7 km s −1 . Synthetic data of group velocities were calculated according to the actual paths at 15 and 30 s period. Finally, the data were used to reconstruct the velocity model. The resulting (c) where we observe that the resolving power is generally good in the Italian territory and Tyrrhenian Sea but it deteriorates towards the periphery. Path coverages at 30 s period become worse, but the spatial coverage patterns generally remain similar. Fig. 9 presents the results of group velocity tomography at period 8, 15, 24 and 30 s. At 8 s period, the lowermost wave velocities are found beneath the Po Plain. At 15 s period, the Po Plain, the northeastern side of the Apennines and Sicily are characterized by low wave velocities. Conversely, the fastest velocities occur beneath the Tyrrhenian Sea. At 24 and 30 s period, the distribution of low velocities beneath the Po Plain widens to the Central and Eastern Alps and in the Apennines. Also, much higher velocities occur beneath the Tyrrhenian Sea whereas in Sicily the pattern of high and low velocities reverses with higher velocities resolved.
D I S C U S S I O N

Interpretation of the group velocity maps
Surface waves at different periods are sensitive to the Earth structure over different depth ranges. It is generally true that surface waves of short period tend to sample materials close to the surface, and long period surface waves are more affected by deep structures in the Earth, although short period surface waves have a better depth sensitivity in the shallow crust and long periods have a relatively poor depth resolution at deep depth since surface wave energies tend to concentrate near the surface. Thus, at short periods (8-20 s), the group velocities are much influenced by the upper part of the crust. Short-period low-velocity anomalies are usually a good indicator of sedimentary basins since sediments feature low seismic velocities.
As seen in Fig. 9 , low group velocities at short periods are observed beneath the Po Plain and the Apennines. These low velocities likely reflect the thick alluvial basin of the Po river and the sedimentary deposits of the Apenninic and Alpine foredeeps and the extensional basins distributed along the external and internal fronts of the Apennines (Waldhauser et al. 1998 (Waldhauser et al. , 2002 Kummerow et al. 2004; Di Stefano 2005) . In the period range between 8 and 20 s the Rayleigh wave energy is mostly concentrated in the crust in the land areas, but it likely samples the higher velocities of the upper mantle in oceanic areas where the crust is relatively thin. This is most likely the reason why high group velocities occur in the Tyrrhenian Sea area where seismic sounding data have long revealed a very thin oceanic crust (Duschenes et al. 1986; Geiss 1987; de Voogd et al. 1992; Pepe et al. 2000) .
The overall pattern of velocity distribution beneath the Apennines and southern Alps is compatible with the previous group velocity studies that used earthquake data (Pontevivo & Panza 2002) . The northern and central Apennines and southern Alps are clearly characterized with low velocities. P-wave tomographic results from (Di Stefano et al. 1999 ) also revealed low-velocity anomalies beneath the northern Apennines and high-velocity anomalies beneath the 1248 H. Li, F. Bernardi and A. Michelini southern Apennines and the Calabrian arc; at 22 km depth, a continuous low-velocity zone is observed beneath the whole Apenninic belt, and the width of the low-velocity zone gets narrower in the southern Apennines than in the northern Apennines. Studies from Mele et al. (1996 Mele et al. ( , 1997 also observed evidence for a broad lowvelocity and high-attenuation anomaly of Pn and Sn phases beneath the Apenninic area. However, some inconsistencies also exist. Lowvelocity anomalies from P-wave tomography are imaged beneath the western Sicily and the Aeolian volcanoes between 8 and 22 km, which are interpreted to be crustal magmatic bodies, probably connected with thermal anomalies at depth; high-velocity anomalies are observed beneath the eastern Sicily (the Mt Etna volcano) between 8 and 22 km, and they suggested that is probably associated with the presence of intrusive bodies and the absence of a wide magma chamber in the crust (Di Stefano et al. 1999) . Moreover, local seismic tomography studies underneath the Mt Etna volcano from Villaseñor et al. (1998) found that a high-velocity anomaly is located in the depth range 2-12 km beneath the southeastern flank of the volcano and a low-velocity-zone extends from beneath the Crater region to a depth of 10 km, however, significantly different tomographic results are also proposed for the same area, for example, Aloisi et al. (2002) revealed that a major high-velocity-body is recognized in the upper 10 km beneath the Crater area and the southeastern flank of the volcano, and low velocities are found to the west and the east of the high-velocity-body and also the southwestern flank of the volcano. In our study, most of the Sicily stands out as having a low velocity at 15 s. Since the accuracy of earthquake location and arrival-time picking, as well as data coverage, all influence the final tomographic results based on earthquake data, especially at shallow depths, in order to address above controversies, further studies with a finer parametrization and higher resolution are needed in the future. At this period, there is also a new feature recovered from our ambient noise tomography is-the velocity on the Tyrrhenian side of the northern Apennines which is much higher than that on the Adriatic side. This relevant contrast is well visible at periods 24 and 30 s.
In the period range between 20 and 35 s, Rayleigh waves are primarily sensitive to the thickness of crust and the shear velocities in the lower crust and uppermost mantle. The group velocities can reflect the Moho depth variation which correlates inversely with group velocities-high velocities in regions with a thin crust and low velocities in regions with a thick crust.
In Fig. 9 , the velocity maps at 24 and 30 s still exhibit low velocities associated with the Alps and northern-central Apennines. The low velocities beneath the central Alps are probably related to the thick crust in this region, where the crust has been estimated to be about 50 km (Waldhauser et al. 2002; Kummerow et al. 2004; Li et al. 2007; Tesauro et al. 2008) . The low-velocity anomalies beneath the northern-central Apennines are also reported by previous work using earthquake data (e.g. Mele et al. 1996 Mele et al. , 1997 Di Stefano et al. 1999; Pontevivo & Panza 2002) . Deep crustal roots, beneath mountain regions resulting from isostatic compensation, can explain the low velocities in the northern-central Apennines. The high velocities are observed underneath Sicily which is different from Di Stefano et al. (1999) and Lucente et al. (1999) 's results featured with low-velocity anomalies at 38 km depth. However, attenuation studies from Mele et al. (1996 Mele et al. ( , 1997 did not show a high-attenuation anomaly of Pn and Sn phases beneath the Sicily, which is usually associated with a low-velocity anomaly. Since the path density and the resolution of the Sicily island become much poorer at longer period as shown in Figs 7 and 8, it is hard to make further analysis based on our results.
We also note that the low-velocity feature beneath the Apennines extends as far south as 41
• latitude approximately. In the southern part of the Apennines relatively higher velocities occur. The velocity contrast between the northern and southern Apennines has been also observed by other authors (Di Stefano et al. 1999; Pontevivo & Panza 2002 ). This transition corresponds to a well-known boundary between the northern and southern Apenninic arcs (Patacca & Scandone 1989) .
Shear wave velocity structures
From the group velocities obtained in the previous section, we extracted the pure path dispersion curves for each grid node. Although the sensitivity kernel of group velocity has a complicated relation with the structure, in general, longer period Rayleigh waves are more affected by deeper structures, therefore, these data may provide valuable insights into the lateral variation of shear wave velocities in different depth ranges.
Inversions for the shear wave velocity structure at each node of the 0.2
• × 0.2 • grid was carried out in this study with a program developed by Herrmann & Ammon (2004) using linear steps. The S-wave velocity in each layer is taken as the inversion parameter, and P-wave velocity and density are calculated from S-wave velocity with empirical formulas. The same initial model is used for all nodes in our inversion, then the inversion was repeated 15 times with 15 different initial models by referring to recent tomography results (Di Stefano 2005; Li et al. 2007) , and the final S-wave velocity structure was averaged from the 15 inversion solutions. As we know, shear wave structure inversion based on surface wave dispersion data suffers from poor resolution and non-uniqueness due to strong non-linearity, therefore, we did not put much effort into seeking the true model's possible ranges in this study. Our goal is to obtain a preliminary 3-D structure, which could satisfy our group velocity dispersion data and show the essential crustal and upper-mantle features of different tectonic units in the study area. Fig. 10 shows shear wave velocity structure along three vertical profiles from the surface down to 40 km depth. As seen in the profile AA , there are obvious differences in the structures along the profile. It is remarkable that shear wave velocities beneath the northern Tyrrhenian Sea clearly display much higher values than those beneath the northern Apennines and the northern Adriatic Sea at depth deeper than 8 km, which are consistent with the shallow Moho depth beneath the Tyrrhenian Sea area where seismic sounding data have revealed a very thin oceanic crust (Duschenes et al. 1986; Geiss 1987; de Voogd et al. 1992; Pepe et al. 2000) , and normal continental crust beneath the Apennines and the Adriatic Sea. In the profile BB crossing Sicily to the southern Apennines, the lateral variation of velocities is still evident. The Sicily island shows lower velocities at depth 10-15 km than the southern Apennines, however, at depth larger than 20 km, the pattern is reversed and the Sicily island is characterized with high velocities. Although some geophysical studies have suggested that the local low-velocity anomaly in this region is associated with crustal magmatic bodies, more detailed studies are needed to be performed in the future.
Another obvious feature in the profile BB is that at depth deeper than 15 km, the southern Tyrrhenian sea region features with high velocities which reflect its thin oceanic crust. Along the profile CC , the lowest velocities at shallow depth occurred beneath the Po Plain which is associated with thick cover of alluvial deposits in this area.
C O N C L U S I O N S
In this study, we have obtained group velocity maps of Rayleigh waves between 8 and 36 s, using ambient noise data recorded at 114 broad-band seismic stations from INGV, MedNet and ZAMG. Cross-correlations are computed in one-hour segments with a total duration ranging between 3 months and 1.5 yr. Group velocity dispersion curves at periods from 8 to 44 s were determined using the multiple-filter analysis technique. The lateral resolution in the Italian peninsula and Tyrrhenian Sea is estimated to be ∼0.6
• , but a poor resolution is found on the northeastern side of the Italian peninsula because of the few available stations.
Our group velocity maps show that at increasing period, the velocity distribution pattern changes systematically and correlates well with the known geological and tectonic features-sedimentary basins and lateral variation of crustal thickness. Compared with previous surface wave studies which have relied on traditional earthquake-based measurements, this study has a much denser data coverage and higher resolution. In general, previously found features are confirmed and, in addition, our results showed that the Tyrrhenian Sea is clearly featured with much higher velocities below 8 km due to its thin oceanic crust.
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